Methylotrophy is the ability of organisms to grow at the expense of reduced one-carbon compounds, such as methanol or methane. Here, we used transposon sequencing combining hyper-saturated transposon mutagenesis with high-throughput sequencing to define the essential methylotrophy genome of Methylobacterium extorquens PA1, a model methylotroph. To distinguish genomic regions required for growth only on methanol from general required genes, we contrasted growth on methanol with growth on succinate, a non-methylotrophic reference substrate. About 500,000 insertions were mapped for each condition, resulting in a median insertion distance of five base pairs. We identified 147 genes and 76 genes as specific for growth on methanol and succinate, respectively, and a set of 590 genes as required under both growth conditions. For the integration of metabolic functions, we reconstructed a genome-scale metabolic model and performed in silico essentiality analysis. In total, the approach uncovered 95 genes not previously described as crucial for methylotrophy, including genes involved in respiration, carbon metabolism, transport, and regulation. Strikingly, regardless of the absence of the Calvin cycle in the methylotroph, the screen led to the identification of the gene for phosphoribulokinase as essential during growth on methanol, but not during growth on succinate.
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In Brief Ochsner et al. use TnSeq to map genomic regions of the model methylotroph Methylobacterium extorquens PA1 that are specifically required during growth on methanol. They identify almost 100 new methylotrophy genes, including the Calvin cycle enzyme phosphoribulokinase, showing that it plays an unprecedented regulatory role for carbon assimilation.
INTRODUCTION
Methylotrophic bacteria are able to use reduced one-carbon compounds, such as methanol, as sole sources of carbon and energy. This process raises interest from a fundamental point of view to identify the requisites for methylotrophy and thus achieve an understanding of the enzymes and pathways that allow energy generation from methanol as well as incorporation of reduced one-carbon to build up all the cell constituents [1] . Interest in methylotrophy is also given by the ecological importance of methylotrophs as a crucial part of the global carbon cycle [2] . Moreover, methylotrophy has sparked great demand from an applied perspective for the conversion of highly abundant one-carbon compounds to cell biomass for feed [3] and to value added products for chemical industry either by natural methylotrophs [4, 5] or more recently also by platform organisms via means of synthetic biology [6, 7] , including the design of new pathways [8] .
Methylobacterium extorquens AM1 has been the primary model strain to study aerobic methylotrophy since its isolation in 1961 [9] . Strain AM1, as other Methylobacterium species, is a facultative methylotroph and thus also able to use multi-carbon sources instead of methanol. This ability provides means to distinguish features that are specific for methylotrophy from those generally required for growth. Substantial insights into methylotrophy have been generated over the past decades based on rational, targeted approaches [5, 10] and a limited throughput transposon screen [11] . From a systems perspective, the core metabolism of M. extorquens has an unusual topology built from an amalgam of enzymes that are unique to methylotrophy, enzymes shared with methanogenic archaea, and ubiquitous enzymes. Core enzymes and pathways involved in methanol consumption comprise methanol dehydrogenase enzymes [12] and the tetrahydromethanopterin (H 4 MPT) pathway [13, 14] for one-carbon dissimilation, as well as the serine cycle [15] [16] [17] [18] and ethylmalonyl-coenzyme A (CoA) pathway [19, 20] for one-carbon assimilation. These pathways are tightly connected, and it has been emphasized that the metabolic network operates as a unique but highly fragile process to achieve one-carbon dissimilation and assimilation [21] .
Strain PA1 is phylogenetically closely related to strain AM1 (100% 16 S rRNA gene identity) and was isolated from the phyllosphere of Arabidopsis thaliana [22] . Due to several advantages over AM1, including faster growth on methanol, a simpler genome structure [23, 24] , and better suitability for transposon mutagenesis [25] , it has been proposed as a new model strain for methylotrophy [26] . Furthermore, it is a competitive plant colonizer [22] , making it a suitable model to study methylotrophy in its natural environment.
The complete gene set essential for growth on methanol has not yet been experimentally determined for a methylotrophic bacterium, and it is currently unknown how many genes in total contribute to methylotrophy as a complex metabolic trait. In this study, we employed transposon mutagenesis coupled to next-generation sequencing, i.e., TnSeq [27, 28] , to identify all genes required for growth of M. extorquens PA1 on methanol and, for comparison, succinate. To further integrate data on gene essentiality, we performed mass spectrometry (MS)-based proteomics and generated and applied a genome-scale model. In-depth analysis of one of the newly found genes essential for methylotrophy revealed a metabolic and regulatory link to a core function of methylotrophy, one-carbon assimilation.
RESULTS AND DISCUSSION

Identification of Conditionally Required Genes by Transposon Sequencing
To identify genes that are generally required for growth on minimal medium and genes that are specifically required for methylotrophy, we conducted an essentiality screen on methanol and on succinate using high-throughput transposon mutagenesis. A suicide plasmid encoding a Tn5 transposon [29] was introduced into M. extorquens PA1 by electroporation. Mutants that carry the Tn5 insertion in a genomic region required for growth on the selected condition are not able to divide, whereas mutants carrying the Tn5 insertion in a fitness-relevant region grow more slowly. Integration sites were amplified in parallel using a semi-arbitrary PCR [28], followed by sequencing, and mapped to the genome ( Figure 1 ). In total, we determined 486,577 insertions on methanol and 531,410 insertions on succinate, corresponding to a mean transposon insertion density of 11.2 and 10.3 base pairs, respectively (Data S1 and S2), throughout the genome (Figure 2 ). Depending on the number of Tn5 insertions and their position, we assigned each open reading frame (ORF) to one of three categories: essential; fitness (both also referred to as required); or non-essential (see STAR Methods).
Overall, the accuracy of the screen is exemplified by the ''re-identification'' of 52 genes previously known to be essential for growth on methanol (see below). Additionally, we chose a subset of hitherto uncharacterized genes for site-directed mutagenesis and could confirm growth defects (Table S1) .
By comparing gene essentiality datasets for the two profiled conditions, we distinguished four main classes of genes: (1) genes that are not required in either condition; (2) genes that are required in both conditions; (3) genes that are specific for growth on methanol; and (4) genes that are specific for growth on succinate. The largest part of the genome is not required in either growth condition (83%). From the 813 genes required for growth on methanol and/or succinate, most are shared (590 genes; Figure 3 ; Data S1), reflecting the need of the cell to sustain cellular core functions on the minimal medium independent of the growth substrate. Additionally, we noticed that a higher number of genes was required exclusively during growth on methanol (147 genes) compared to succinate (76 genes). This finding is consistent with succinate entering directly into central metabolism, i.e., the citric acid (TCA) cycle, whereas an extended and specific gene set is needed to connect the entry point of methanol to central metabolism [10, 21] and to detoxify formaldehyde, which is an intermediate in methanol oxidation.
The Core Genome A large fraction of essential genes required for growth on both methanol and succinate comprise housekeeping functions in replication, transcription, translation, and cell division, as expected. The largest number of these shared genes encode metabolic enzymes (Figure 3 ). To relate their function within the metabolic network of the cell and to establish a basis for the analysis of the metabolic trait of methylotrophy, we built a genomescale metabolic model for M. extorquens PA1 (Data S3), manually adapted from the model of strain AM1 [21] (see STAR Methods). The M. extorquens PA1 model contains 867 genes (895 reactions), which corresponds to 18% of the total gene number. As expected for growth on minimal medium, the vast majority of genes associated with pathways for amino acid and cofactor biosynthesis are required under both conditions (Figure 4 ). Colonies containing random transposon insertions formed on methanol or succinate agar plates are washed off, DNA is extracted, and insertion sites are amplified using a semi-arbitrary nested PCR. The products are then sequenced using paired-end Illumina sequencing, the reads are mapped to the genome, and every gene is rated as ''essential'' (or ''fitness relevant'') or ''non-essential'' on methanol as well as on succinate, here exemplarily shown for a hypothetic gene.
We noted, however, several genes for biosynthetic routes that were required during growth on succinate, but not methanol (Data S1). One striking set of genes encodes enzymes involved in the biosynthesis of the coenzyme lipoic acid (lipAB, Mext_2799 and Mext_4211). Lipoic acid is a coenzyme used by the glycine cleavage system (gcv), pyruvate dehydrogenase (pdh), and 2-oxoglutarate dehydrogenase (suc), which are, notably, all not required during growth on methanol either (Figure 4) . Another two genes essential on succinate only encode enzymes involved in serine biosynthesis, phosphoserine phosphatase (serB, Mext_2655) and 3-phosphoglycerate dehydrogenase (serA, Mext_0213). The requirement of these two genes highlights the need for a classical serine biosynthesis pathway on succinate, in contrast to serine being part of central metabolism and its unique biosynthesis during growth on methanol [21, 30] .
It can be expected that essential genes are expressed under the chosen growth conditions. To check this and more generally to correlate gene essentiality data with protein abundance data, we applied MS-based proteomics and quantified roughly 1,500 proteins (Data S4). The fraction of quantified proteins encoded by the genes that are required under both growth conditions was significantly higher (437 from 590; 74%) compared to all quantified proteins (1,447 from 4,845; 30%) and even higher compared to those not required under either conditions (883 from 4,017; 22%; Figure S1 ). The lower percentage of quantified proteins encoded by non-essential genes might indicate a function that is relevant only under certain environmental conditions.
Genome-wide Identification of Methylotrophy Genes
As previously mentioned, we identified 147 genes that are specifically required during growth on methanol ( Figure 3 ; Data S1). First, we analyzed the overall distribution of these genes throughout the genome by calculating a Z score corresponding to the enrichment of insertions under the two conditions for every gene (see STAR Methods) and plotted it along the genome Figure 2 . Genome-wide Identification of Methylotrophy Genes (A) The Z score, a measure to compare insertion densities between the two conditions, is plotted for every gene in the genome. Genes that have fewer insertions on methanol have a positive value, whereas genes that have fewer insertions on succinate have a negative value. Only the section between À10 and 100 is shown to highlight the methylotrophy genes; for the entire figure, refer to Figure S2 . The color of the dot represents the assigned class: non-essential under both conditions (light gray); required under both conditions or only on succinate (dark gray); and required on methanol only (pink). Known genes and clusters (marked with boxes) are shown in black, whereas some newly identified genes and clusters are shown in blue. All labeled genes are listed with full names in Data S1. (B) Insertions detected in selected clusters highlighted in (A). Insertions on methanol are shown in blue and insertions on succinate in gray. Arrow length corresponds to gene length and arrow color to essentiality data as determined in the screen. Genes that are only essential or fitness relevant on methanol are shown in pink (dark and light), genes that are required under both conditions are shown in dark gray, and genes that are not required under either condition are shown in white. See also Figures S1 and S2.
coordinate (Figures 2A and S2 ). Two genomic regions essential for methylotrophy stand out, representing the methanol dehydrogenase cluster [31] with 13.9 kb and a large carbon dissimilation/assimilation cluster with almost 50 kb [13] (for insertions in these two large clusters, see Figure 2B ). The genes in these clusters encode for enzymes and pathways of the known methylotrophy network (Figure 4) , including methanol dehydrogenase, the H 4 MPT-and tetrahydrofolate (H 4 F)-dependent pathways (partially, however, also required on succinate), and the serine cycle. In addition, we found 17 smaller clusters required for growth on methanol scattered throughout the genome, as well as 75 orphan methylotrophy genes ( Figure 2A ). The presence of several clusters and numerous orphan genes suggests methylotrophy was not acquired by recent horizontal gene transfer. Instead, this genomic arrangement points to an ancient origin of features, including the acquisition of individual genes and/or repurposing of endogenous genes. This observation is in-line with the deepest rooting of some of the key enzymes involved in methylotrophy [32, 33] .
Moreover, our genome-wide essentiality analysis revealed 95 previously not described ''methylotrophy genes''. Integration with the proteomics dataset (Data S4) revealed that only 17% of the detected encoded proteins (6 proteins of 35) were present in higher amounts under methylotrophic compared to nonmethylotrophic conditions in contrast to about half of known methylotrophy genes that were upregulated under methylotrophic conditions. This suggests that identification of genes via comparative expression analysis had almost reached its limit regarding the identification of novel candidate genes essential for growth on methanol.
In total, 34 of the newly identified methylotrophy genes are categorized as enzymes. A prominent constitutive gene encodes phosphoribulokinase (prk, Mext_0980), the investigation of which is described in detail below. Another newly discovered enzyme required for growth on methanol is 5-formyl-H 4 Fcyclo-ligase (5fcl, Mext_2363) that catalyzes the recycling of 5-formyl-H 4 F. In contrast to 10-formyl H 4 F, an intermediate required for one-carbon assimilation, 5-formyl-H 4 F is known to be an inhibitor of folate-dependent reactions [34] ; therefore, its accumulation has to be prevented. We validated the importance of 5fcl for growth on methanol by targeted knockout and confirmed a significantly reduced growth rate (t D = 7.89 ± 0.02 hr; wild-type: t D = 3.33 ± 0.01 hr; Table S1 ). The need for 5fcl can likely be explained by the higher activity of serine hydroxymethyl transferase (GlyA; Figure 4 ) on methanol compared to succinate because the enzyme forms 5-formyl-H 4 F as a side product [35] . Elevated GlyA activity in cell extracts from methanol-grown cells was previously observed [36] and is consistent with higher protein abundance (Data S4). Another gene required specifically during growth on methanol encodes succinylCoA:acetoacetyl-CoA transferase (atoD2, Mext_2071). The enzyme is potentially involved in the degradation of polyhydroxybutyrate (PHB). The result of the screen is also reflected in the severe growth defect on methanol of a respective site-directed knockout strain (t D = 7.56 ± 0.05 hr) and strong induction of the encoded protein during growth on methanol compared to succinate (Data S4).
Furthermore, 15 methylotrophy genes are involved in respiration (overview in Figure S3 ). The cytochrome c biogenesis system (ccm, Mext_1405À7, 2612+4, and 2634À5) was strictly required for growth on methanol, but not succinate ( Figure 2B ). We confirmed this result by a site-directed knockout of ccmAB. The mutant was unable to grow on methanol and grew normally on succinate (Table S1 ). In addition, cytochrome o-dependent terminal ubiquinol oxidase (cyoABCD, Mext_4334-7) was identified as fitness relevant in both the screen and upon inspection of the respective site-directed mutant (t D = 4.14 ± 0.03 hr; Table  S1 ). The Ccm system, responsible for the production of functional cytochrome c, is expected to be required during methylotrophic growth to allow the function of methanol dehydrogenase [37] . The dispensability for growth on succinate might be explained by electron transfer to one of the terminal ubiquinol oxidases directly from the ubiquinol pool instead of via the bc1 complex and cytochrome c to a terminal cytochrome c oxidase. Indeed, the bc1 complex is non-essential during growth on either methanol or succinate in line with flux balance analysis (FBA) (Data S1). The need for one of the terminal ubiquinol oxidases during growth on methanol is, however, surprising, because the electron flow from the ubiquinol pool to cytochrome c might circumvent the need of terminal ubiquinol oxidases. One possible explanation is the operation of a branched respiratory chain during growth on methanol. Such an electron flow might diminish a bottleneck via cytochrome c and may also be relevant Table) is shown. ''Total'' shows the distribution of all ORFs in the genome, ''shared'' shows the distribution of all genes that are either essential or fitness relevant on both substrates, whereas ''succinate'' and ''methanol'' show the distributions of genes only essential or fitness relevant on succinate or methanol, respectively. For the methanolspecific genes, the known genes are shown as hatched parts. See also Data S1.
to provide plasticity in case of co-substrate utilization conditions [38] ; alternatively, the protein complex could be involved in regulation as described in Pseudomonas putida [39] .
A total of 10 genes required during growth on methanol are categorized as regulators (Figure 3) . Seven of these are involved in the transcriptional regulation of methanol dehydrogenase, serine cycle enzymes, and PHB biosynthesis. One of the three new genes encoding for potential regulators (glnG, Mext_2820) might be involved in the regulation of nitrogen metabolism and glutamine biosynthesis together with two other new methylotrophy genes (glnD, Mext_0335 and glnF, Mext_2501). Alternatively, the proteins could be involved in the regulation of other genes, for example, PHB biosynthesis, as it was shown for GlnDKZ in Azospirillum brasilense [40] . Further investigation will be required to pinpoint the role of this regulatory cascade in methylotrophy.
Other new genes required for growth on methanol include 9 predicted transporters and 36 proteins of unknown function. Site-directed knockouts of two genes of unknown functions showed a strong (Mext_1983; t D = 10.44 ± 0.08 hr) and weak (Mext_1769; t D = 4.23 ± 0.01 hr) fitness phenotype on methanol (Table S1 ). Mext_1983 belongs to uncharacterized protein family UPF0262, whereas Mext_1769 cannot be assigned to any protein family but is located closely (24 kb upstream) to the dissimilation/assimilation cluster. Further experiments are required to elucidate their role in methylotrophy. Taken together, the screen revealed a number of genes previously not known to be involved in methylotrophy.
Phosphoribulokinase Is Required for Methylotrophy Interestingly, our screen revealed a gene coding for phosphoribulokinase (prk, Mext_0980) as a prominent new methylotrophy gene. Not a single insertion in the gene was detected during growth on methanol ( Figure 5A ; Data S1). We confirmed the failure to grow on methanol by a directed knockout, whereas the growth rate on succinate remained unaltered (Table S1) To validate the functionality of Prk in vivo, we conducted a complementation experiment, in which we used the M. extorquens PA1 prk knockout strain and introduced prk from the well-studied Calvin cycle methylotroph Paracoccus denitrificans (Prk identity 69%). Indeed, growth on methanol could be restored to wild-type level (t D = 3.34 ± 0.01 hr; see also Fig- ure 5B). In contrast, complementation with the endogenous M. extorquens PA1 Prk possessing an active site point mutation (Asp-42 to Ala), corresponding to the Rhodobacter sphaeroides enzyme [42] , was unable to restore growth ( Figure 5B ; Table S1 ), suggesting that an active Prk enzyme is required during growth on methanol.
Next, we conducted liquid chromatography (LC)-MS-based metabolomics to identify the product of the Prk reaction, RuBP, in M. extorquens PA1 cells. We detected RuBP (D) Investigation of serine glyoxylate aminotransferase (sga) expression level using fluorescence quantification of a reporter construct of Psga with mCherry on succinate (green) and methanol (pink) in different backgrounds: wt; knockouts in prk (Dprk) and qscR (DqscR); and the reconstructed Dprk suppressor strain that carries a mutation in qscR (Dprk_sup). Dprk and DqscR were only measured on succinate because they show no growth on methanol. Mean ± SD is shown (n = 8).
(E) Protein abundance of three serine cycle proteins in the Dprk strain compared to the Dprk suppressor strain grown on succinate: serine glyoxylate aminotransferase (Sga); malate thiokinase subunit A (MtkA); and glycerate kinase (Gck). Mean ± SD is shown (n = 4). (F) Model for the function of Prk in methylotrophy. See also Figure S4 , Table S1 , and Data S4. Pool turnover might be achieved by an unknown enzymatic reaction or by dephosphorylation, e.g., due to the side activity of fructose-1,6-bisphosphate (FBP) phosphatase [43], the gene for which is located upstream of prk in M. extorquens. Another hypothesis is that RuBP is not further converted but is produced at such low rate that it dilutes during doubling. To investigate the fate of RuBP in M. extorquens PA1, we applied dynamic labeling experiments using 13 C-labeled methanol. We found a relatively fast label incorporation into RuBP (t 1/2 = $150 s), albeit at a slower rate compared to serine cycle intermediates (e.g., t 1/2 = $10 s for phosphoglycerate). Closer inspection of potential products generated from RuBP was performed by defining a solution space based on possible chemical transformations [44] . However, no putative metabolite could be identified in the dynamic labeling datasets. These data do not disprove further conversion of RuBP but are principally congruent with the hypothesis that RuBP is reverted back to Ru5P, thus representing an essential metabolic dead-end product, which may, for example, fulfill regulatory functions.
A Regulatory Role of Phosphoribulokinase for OneCarbon Assimilation
The prk gene is co-localized not only with fbp but also with qscR ( Figure 5A ), the gene encoding a known regulator of serine cycle enzymes (e.g., serine-glyoxylate aminotransferase [Sga]; Figure 4) [36], which are key to carbon assimilation in M. extorquens and are strongly upregulated during methylotrophic growth (Data S4). The co-localization with prk (and other Calvin cycle genes) is also often observed for the related Calvin cycle regulator cbbR [45] . QscR and CbbR both belong to the family of LysR-type transcriptional regulators (LTTR), which are induced by metabolic intermediates, often from the pathway they are regulating [46] . For QscR, formyl-H 4 F has been identified as an activating metabolite [47]; for CbbRs, it was shown that the regulators are activated by NADPH, ATP, FBP, and RuBP in different organisms [45] . Although it has been shown that the expression level of prk is not regulated by QscR [36] , it is possible that allosteric regulation of QscR by RuBP, the product of Prk, could provide a link to QscR and thus methylotrophy.
To gain insights into the precise function of Prk in methylotrophy, we selected for suppressor mutations that rescue the growth defect on methanol. We were indeed able to isolate Dprk suppressor mutants that grew on methanol, albeit at a slower growth rate than the wild-type (Table S1 ). Based on our hypothesis that RuBP might activate QscR, we sequenced the qscR gene in two independently isolated suppressor mutants. Indeed, sequencing revealed a deletion of one glycine residue (in Gly 90-94 ) located at the interface of the predicted hinge region and the regulatory domain (based on alignment with the crystallized LTTR family member CbnR) [48] . To show whether the mutation in QscR is responsible and sufficient for the observed suppressor phenotype, i.e., growth on methanol, we exchanged the genomic qscR with the mutated version in the Dprk background strain. Indeed, methylotrophy could be restored to similar extent compared to the observed initial suppressor mutants (Dprk_sup; t D = 5.08 ± 0.02 hr). We then further substantiated the link between Prk and QscR by reporter gene assays. We fused the promoter of the largest serine cycle cluster (containing sga, hpr, mtdA, and fch; Figure 2B ) [36] with mCherry, which allowed us to use fluorescence as a readout to detect sga promoter activity in different strains. We confirmed the higher activity of the promoter in the reconstructed Dprk suppressor mutant ( Figure 5D ). In addition, we conducted MS-based proteomics and compared the suppressor strain with the Dprk strain. The data revealed higher abundances of nine proteins known to be under the control of QscR on succinate ( Figure 5E ; Data S4); however, these did not reach the level of the wild-type growing on methanol ( Figure S4 ), suggesting a partially constitutively active QscR, in line with the qscR suppressor phenotype described above. Notably, such mutations have also been described for other regulators of the LTTR family [45] . Moreover, the overproduction of Prk ($30-fold) did not lead to significantly increased abundance of serine cycle proteins during growth on succinate (Data S4; Figure S4 ), further supporting the hypothesis that Prk is activated at the post-translational level. Besides confirming the link between Prk and QscR, the proteome data also allowed to enlarge the known QscR regulon by additional genes, i.e., formate-tetrahydrofolate ligase ftfL and oxalyl-CoA reductase panE2 (Mext_2139) [49] , including its neighboring genes (Mext_2138/40; Data S4). Due to the central regulatory function of QscR, the regulator is also of interest for re-engineering of M. extorquens, as was suggested recently [50] . Thus, tuning RuBP levels via Prk activity may provide an alternative engineering path for the production of value-added products.
Taken together, our data present experimental evidence for a regulatory link between Prk and QscR. According to our model, Prk activity results in an increased RuBP pool, which in turn serves as a metabolic signal to induce one-carbon assimilation in vivo ( Figure 5F ). The allosteric regulation of Prk by NADH (activation) as well as AMP (inhibition) [51] may provide an intriguing network of metabolic signals balancing energy metabolism and carbon assimilation.
Conclusions
In this study, we used a transposon sequencing approach to identify the entire set of genes required for growth on methanol in M. extorquens PA1. Comparing deviations in gene essentiality between methylotrophic and non-methylotrophic growth conditions allowed us to pinpoint genes required exclusively for one-carbon metabolism of methanol. Among the genes that are only necessary during growth on methanol are known methylotrophy genes, validating the approach, but also 95 genes that were previously unknown. A number of these specific methylotrophy genes are involved in respiration, emphasizing the large metabolic difference in the oxidation of methanol versus multicarbon substrates. Another gene previously not known to be involved in methylotrophy is phosphoribulokinase, which was surprising due to the unique role it has been attributed to in autotrophy. We found that Prk is functionally linked to the serine cycle regulator QscR, a CbbR ortholog, likely due to the reaction product RuBP serving as co-inducer. Although the signals regulating Prk activity in M. extorquens remain to be identified, we speculate that the enzyme is allosterically regulated as described for other bacterial Prks. Our data point to a conserved Prk-dependent regulatory mechanism for one-carbon assimilation in autotrophs and serine cycle methylotrophs. The regulatory role of Prk in conjunction with CbbR/QscR might thus have been conserved during evolution beyond autotrophs and extend to methylotrophs that do not operate the Calvin cycle. Our results thus enlarge the essentiality and known role of Prk in autotrophy to methylotrophy.
Taken together, the generated essentiality data extend our understanding of methylotrophy. At the same time, the data provide a basis for metabolic engineering to convert methanol into value-added products in M. extorquens itself [50, 52-54] and beyond for transplanting methylotrophy to established platform organisms [6, 7] .
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
All strains used in this study are listed in the Key Resource 4 and 20.41 mM CaCl 2 , methanol (123 mM, ''MMM'') or succinate (30.83 mM, ''MMS'') were added as carbon source and for plates 15 g/L agar was added. Plasmids were introduced into M. extorquens PA1 by electroporation as described previously [63] . Electrocompetent cells were prepared by incubation cells grown to OD1-3 on ice for 30 min, spinning at 4000 g at 4 C for 15 min, washing the pellet twice with 1 volume ice-cold sterile MilliQ water, once with 0.5 volumes ice-cold sterile 10% glycerol and resuspending in 0.01 volumes 10% glycerol. Competent cells were stored in 100 mL aliquots at À80 C. (Suicide) plasmids were electroporated into competent M. extorquens PA1 cells at 1.8 (2.15) kV, the cells were regenerated for at least 2 (5) hours at 28 C in nutrient broth (NB) without NaCl and cells were plated on appropriate minimal medium plates. Escherichia coli DH5a was used for construction and amplification of all plasmids and was cultured in LB medium at 37 C. When appropriate, medium was supplemented with gentamicin (20 mg/mL), tetracycline (10 mg/mL), kanamycin (50 mg/mL) or ampicillin (100 mg/mL). 
METHOD DETAILS
Construction of knockouts and plasmids All plasmids and primers are listed in the Key Resource Table and Table S2 , respectively. Gene deletion mutants were generated using pREDSIX. Upstream and downstream regions of roughly 750 bp were amplified by PCR and cloned into pREDSIX and the gentamicin (or kanamycin)-resistance cassette was inserted between the regions using the introduced SpeI site (HR1_fwd/rev, HR2_fwd/rev). Both possible insertion directions were selected, the resulting plasmids were transformed into electrocompetent M. extorquens PA1 cells (see below) and cells were plated on appropriate minimal medium plates. Subsequently, colonies that did not show fluorescence (i.e., the ones that have lost the mCherry encoded on the plasmids backbone) were restreaked and the gene knockout was confirmed by colony PCR using primers outside the homologous regions (check_fwd/rev) combined with primers specific for the antibiotics cassette (GmR_1/2). Plasmids for prk overexpression were constructed based on pTE105 by amplifying prk from PA1 (Mext_0980) or P. denitrificans PD1222 (Pden_1696) and cloning the respective gene downstream of the PtuF promoter using the introduced SpeI and KpnI sites (prk_PA1_fwd/rev, prk_Pden_fwd/rev). During amplification, a ribosomal binding site (AAGGAGA) and an additional 8 bp were added upstream of the genes using the forward primer. The D42A mutation in Prk was introduced using the Stratagene QuikChange mutagenesis protocol (Agilent Technologies). The corresponding primers were designed using PrimerX (http://www.bioinformatics.org/ primerx/) (prk_PA1_D42A_fwd/rev).
Promoter fusion plasmids of Psga were constructed using pTE100_mChe by amplifying the 305 bp region ranging from 557 to 252 bp upstream of the sga (Mext_1795) start codon (based on the QscR-biding sites described in [47] ) and cloning upstream of mCherry using the introduced EcoRI and XbaI sites (Psga_fwd/rev).
Transposon mutagenesis, sequencing, and analysis Library construction and DNA extraction The optimized transposon plasmid pTn5_gent_14N including a barcode [29] was transformed into electrocompetent M. extorquens PA1 cells (see above), plated on minimal medium plates containing either methanol or succinate and gentamycin (20 mg/mL), and incubated until colonies formed (3 to 4 days). After incubation, mutant colonies (10,000-15,000/plate) were washed-off from each plate and resuspended in 5 mL 20 mM phosphate buffer pH 7.1. Cell suspensions of two plates were pooled and DNA extracted by spinning down cells, resuspending pellet in 60 mL 5 M guanidinium thiocyonate, incubating for 5 min at 80 C, adding 20 mL 10 M ammonium acetate and spinning down (5 min at 20'000 g). 60 mL of 2-propanol was added to the resulting supernatant, mixed by inverting, spun down again (5 min at 20'000 g), the supernatant was removed, the pellet washed twice with 140 mL 70% ethanol, air-dried and resuspended in 50 mL 1 mM Tris-HCl pH 8.5 by heating to 80 C and vortexing. The concentration of DNA was measured using dsDNA-specific QuantiFluor ONE dsDNA dye with a Quantus fluorometer (Promega).
Amplification of transposon junctions
Transposon junctions were amplified using Taq Polymerase mix (Promega GoTaq) in 10 mL reactions in 384 well plates in two rounds as described previously [28] . In the first round, a semi-arbitrary PCR using 1 mL (1.5 mL for succinate) purified gDNA and the transposon-specific M13 primer in combination with four barcoded arbitrary primers that differed in their 3 0 pentanucleotide sequence (ACGCC, TCGCC, CGAGG, CTCGC) [29] was performed. The following PCR program was used for the amplification; (1) 94 C for 3 min, (2) 94 C for 30 s, (3) 42 C for 30 s, slope À1 C/cycle, (4) 72 C for 1 min, go to step 2, 6 times (5) 94 C for 30 s, (6) 58 C for 30 s, (7) 72 C for 1 min, go to step 5, 25 times, (8) 72 C for 3 min, (9) 12 hold. An aliquot (1 mL) of the first round served as template for the second round of amplification using the Illumina paired-end primers PE1.0 and PE2.0. The following PCR program was applied for the amplification; (1) 94 C for 3 min, (2) 94 C for 30 s, (3) 64 C for 30 s, (4) 72 C for 1 min, go back to step 2, 30 times, (5) 72 C for 3 min, (7) 12 C hold. All reaction of one condition amplified with the same arbitrary primer were pooled, resulting in two times four pools which were then separated by electrophoresis on a 2% agarose gel. DNA fragments with sizes ranging from roughly 200 to 700 bp were excised and purified using the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel). DNA concentrations were measured using a Nanodrop spectrometer and equal amounts were pooled for sequencing. Illumina sequencing Samples were sequenced using paired-end 125 bp reads on a HiSeq Illumina instrument using Illumina sequencing chemistry v4. Primers PE1.0 and PE2.0 were used. Standard base-calling from raw images using the genome analyzer software suite OLB (Illumina) was performed. To calculate crosstalk matrixes and to calibrate phasing parameters, a phiX reference spike-in was used. Sequencing was performed at the Functional Genomics Center Zü rich. Sequence analysis and mapping of reads A custom sequence analysis pipeline based on Python, Biopython [64], bwa [65] , and MATLAB (as described previously [28, 29] ) was used to process raw read, align sequences, and analyze genomic insertion sites. Reads with a perfect match to the 15 bp end sequence of the transposon (GTGTATAAGAGACAG) were selected for further analysis. Conditions were demultiplexed using the barcode introduced by the arbitrary primer and subsequently the adaptor sequences, the transposon-specific sequence as well as the arbitrary primer sequence were trimmed.
Reads with genomic inserts larger than 15 bp were mapped to the M. extorquens PA1 genome NC_010172. 1 [24] , only considering reads with no mismatches in the first 15 bp that were shorter than 500 bp, and that could be unambiguously mapped. The insertion position was defined as the first genomic base when reading out of the I-end of the transposon. Essentiality analysis of protein coding sequences The number and position of insertions disrupting each ORF was determined using a custom MATLAB script and insertions in the stop codon as well as insertions in the +1 frame (assembly of functional protein from two polypeptides could still be possible) were excluded. The length of the non-disrupted 5 0 region, by considering the first not in-frame insertion after the start codon if a second insertion was less than 100 bp apart (otherwise the distance to the next insertion was considered). Furthermore, the largest internal non-disrupted segment was determined with similar criteria. ORFs were categorized as essential if the non-disrupted 5 0 region covered at least 60% of the ORF or if the largest non-disrupted internal region covered at least 60% and the insertion density was below one insertion every 50 bp (in case of mis-annotated ORFs). ORFs were categorized as fitness-relevant if they showed less than one insertion every 25 bp and a non-disrupted 5 0 region covering less than 60% of the gene. A Z score metric was employed to compare the number of insertions in both conditions in every ORF. The expected number of insertions on succinate (Succ) was calculated according to If the ORF tolerates less insertions on methanol, Z MeOH is negative and if it tolerates less on succinate, it is positive. Since the Z scores is asymmetric, a second Z score was calculated by exchanging all values of succinate and methanol ðZ Succ Þ and a combined Z score ðZ comb Þ was generated by replacing all positive Z MeOH with ÀZ Succ (a positive value, because the affected ORFs show a negative Z Succ ). For graphical representation Z comb was inverted to give positive values for genes that are more important on methanol and zero insertions were set to one to get a (underestimated) Z score for genes that otherwise could not be plotted at all. A Z MeOH or Z Succ below À10 was used as an additional criterion to rate the corresponding ORFs as fitness-relevant on methanol or succinate, respectively (marked as ''fitness-z'' in Data S1).
Growth and promoter fluorescence assays
Pre-cultures were performed in 20 mL MMS with additional 123 mM methanol in shake flasks overnight. To remove the remaining substrate, cells were spun down at 3220 g at 28 C for 15 min, washed once with and then resuspended in minimal medium without carbon source. Afterward OD 600 was adjusted to 0.5 for inoculation of the main culture in 96-well plates (Nunclon). 180 mL of medium containing one third of the standard amount of the respective carbon source (+10% to compensate dilution by inoculation, 45.1 mM) were inoculated with 20 mL of the washed culture to a start OD 600 of 0.05. Plates were wrapped in parafilm to prevent evaporation; methanol and succinate experiments were performed separately to prevent cross-contamination with methanol via gas-phase. OD 600 was measured using a Tecan Infinity M200 Pro spectrophotometer (Tecan) every 10 min with a bandwidth of 9 nm and 25 flashes. Between measurements, the plates were shaken with 1 mm amplitude for 522 s while incubating at 28 C. For the fluorescence assays, the protocol was essentially as described above with the only changes being the type of plate and the settings of the spectrometer. The main culture was grown in black plates with a clear bottom (mClear black) in combination with a lid from a tissue culture test plate (f-base) and fluorescence (excitation: 554 nm, emission: 610 nm, Z-position: 17706 mm, gain: 100) was measured in addition to OD 600 , which reduced the possible shaking time in between measurements to 442 s. The fluorescence was then compared at identical OD 600 values.
Metabolomics Dynamic
13
C labeling experiment Main cultures were grown in MMM with half the standard amount of methanol (61.5 mM) to an OD 600 between 1 and 2. For each time point, 0.5 mL of the culture were mixed with 4.5 mL MMM with 123 mM 13 C labeled methanol and was incubated for 0, 5, 10, 20, 30, 60, 120, 300, and 600 s in a 50 mL falcon tube at 28 C while shaking. Subsequently, medium was removed by filtering through a polyether sulfone (PESU) 0.2 mm filter (Sartorius Stedim), pre-washed with 50 C MilliQ water, applying vacuum. The filter was then washed with 5 mL 28 C warm MilliQ water, transferred into 8 mL À20 C cold quenching solution (60% acetonitrile, 20% methanol, 20% 0.5 M formic acid) incubated on ice for 10 min, and briefly sonified. Afterward, the filters were removed, the samples frozen in liquid nitrogen and lyophilized overnight. Lyophilized samples were resuspended in MilliQ to a final biomass concentration of 0.5 mg/mL (assuming a CDW correlation of 0.27 mg/mL OD 600 1), spun down for 10 min at 20'000 g and supernatant was diluted to 0.1 mg/mL and analyzed using LC-MS (UHPLC method, see below). Untargeted data analysis was performed using the DynaMet pipeline (see Key Resource Table) . Metabolite quantification Pre-cultures were grown in 20 mL MMS with additional 123 mM methanol overnight and main cultures were inoculated to an OD 600 of 0.015-0.025 in triplicates and grown until and OD 600 of 1. Subsequently, 0.5 mL were sampled as described above, with the only difference being that after transferring the filter to the quenching solution, 67.5 mL of fully 13 C-labeled internal standard of strain PA1 (ISTD, 2 mg CDW/mL) which corresponds to the same biomass as the sampled 0.5 OD 600 -units. For LC-MS analysis (nLC method, see below), the resuspended extract (0.5 mg/mL) is diluted to 0.125 mg/mL in 100 mM tributylamine (TBA) pH 9.0 (see below). For quantification, fully labeled internal standard (ISTD) was mixed in the different ratios with naturally labeled chemical ribulose-1,5-bisphosphate (RuBP) standard. Chemical standard (unlabeled, M0) and ISTD (fully labeled, M+5) RuBP peaks were integrated using eMZed. The resulting linear equation was used to determine the amount of RuBP in the samples using the ratio of unlabeled RuBP to fully labeled RuBP (ISTD). For samples with ratios below the range of the standard curve, the RuBP concentration was roughly estimated using the less abundant M+4 peak (resulting from incompletely labeled ISTD) as follows; the ratio of the RuBP M+4 and M+5 peaks was determined (in a total of 12 samples) and the theoretical concentration of M+4 was determined. The concentration of RuBP in the samples was than estimated by comparing the areas of the M0 and the M+4 peaks. LC-MS measurements Samples were analyzed either using microscale ultra-high-performance liquid chromatography mass spectrometry (UHPLC-HRMS) with a Dionex UltiMATE 3000 (Thermo Scientific) system or a nanoscale HPLC-HRMS with an nLC-ultra (Eksigent) system hyphenated to a Q Exactive Plus (Thermo Scientific) instrument by a heated electrospray-ionization (HESI) probe as described [66] . With the UHPLC system, metabolites were separated on a C18 column (Dr. Maisch Reprosil-Gold 129) using 1.7 mM TBA (dissolved in 1.5 mM acetic acid, pH adjust to 9.0 with ammonium hydroxide) as solvent A. Elution was performed using methanol (solvent B) with a multistep gradient (% B); 0 min, 3%; 9 min, 48%; 13 min, 90%; 15.3 min, 3%; 17.3 min, 3%. 10 mL sample were injected and a flow of 500 mL/min was used.
With the nLC system, metabolites were separated on a C18 column (Dr. Maisch Reprosil-Gold 120) using 100 mM TBA (dissolved in 100 mM acetic acid, pH adjust to 9.0 with ammonium hydroxide) with 3% methanol as solvent A. Elution was performed using 1:1 (V:V) mixture of 2-propanol and methanol (solvent B) with a multistep gradient (% B); 0 min, 0%; 3 min, 0%; 35 min, 12%; 36 min, 90%; 48 min, 90%; 49 min, 0%; 60 min, 0%. 1 mL sample were injected and a flow of 400 nL/min was used. Mass acquisition was performed in negative Fourier transform mass spectrometry (FTMS) using full MS scan mode with an m/z-range of 150 % m/z % 1000.
Proteomics
Sampling and cell lysis All strains were grown as independent pre-and main cultures to an OD 600 1.0 ± 0.2. Subsequently, four OD 600 -units (corresponding to 4 mL OD 600 1) were sampled by spinning down for 15 min at 4 C and 3220 g, washing with 4 mL 10 mM MgCl 2 , resuspending in 1 mL 10 mM MgCl 2 , spinning down again, and shock-freezing pellets in liquid nitrogen. Preparation of Samples for MS Bacterial cell pellets were dissolved in lysis buffer containing 100 mM ammonium bicarbonate, 8 M Urea and 1x protease inhibitor cocktail. Bacterial cells were lysed with a combination of indirect sonication (2 3 1 min and 1 3 30 s, 100% amplitude, 0.8 cycle time) in a VialTweeter (HIFU, Hielscher) and bead beating for 15 min at 30 Hz (TissueLyser II, QIAGEN) using 0.1 mm silica beads. Insoluble parts were removed by centrifugation using SPIN module recovery tubes at 13,000 g for 15 min at 4 C and protein concentration of supernatant was determined using BCA assay kit according to manufactures instructions. Protein disulfide bonds were reduced by addition of 5 mM tris(2-carboxylethyl)phosphine (TCEP) and incubation for 30 min at 37 C and cysteine residues were alkylated by adding 10 mM iodoacetamide (IAA) and incubation for 30 min in the dark at room temperature. Samples were subsequently diluted 1:5 with freshly prepared 50 mM ammonium bicarbonate buffer. Sequencing grade modified trypsin was added at an enzyme to protein ratio of 1:50 and protein digestion was carried out overnight at 37 C with shaking at 300 rpm. Subsequently, trypsin was inactivated by addition of 1% formic acid and incubation at 95 C for 10 min followed by centrifugation at 20000 g for 10 min. The supernatant was subsequently desalted using Sep-Pak Vac C18 reversed phase columns, pre-washed with 100% methanol. For the C18 clean up the columns were activated using buffer A containing 80% acetonitrile (ACN) and 0.1% formic acid (FA) and equilibrated with buffer B containing 3% ACN and 0.1% FA. After careful loading of samples, columns were washed 4 times using buffer B before samples were eluted by gravity flow with buffer C containing 50% ACN and 0.1% FA. Eluted samples were dried under vacuum and re-solubilized in 3% ACN and 0.1% FA to a final concentration of 0.1-1.0 mg/mL. To create an artificial alignment reference that contains the most feature information, equal amounts of all samples were pooled. Finally, iRT peptides were added to each sample. Liquid chromatography-tandem mass spectrometry analysis Mass spectrometry analysis of peptide samples was performed on an EASY-nLC 1000 system (Thermo Fisher Scientific) coupled to a Q Exactive mass spectrometer (Thermo Fisher Scientific). The chromatographic separation was performed using an ACN/water solvent system containing two channels with 0.1% (v/v) formic acid for channel A and 0.1% (v/v) formic acid, 99.9% (v/v) acetonitrile for channel B. For each sample 3 mL of peptides was loaded on an EASY-Spray C18 LC column (75 mm 3 500 mm, Thermo Fisher Scientific) heated to 50
C and eluted at a flow rate of 300 nL/min by a gradient from 2% to 30% B in 115 min, 47% B in 4 min, and 98% B in 10 min. The mass spectrometer was configured to acquire mass spectra in data-dependent mode, with an automatic switch between MS and MS/MS scans using a top 12 method. Full-scan MS spectra were acquired in the Orbitrap analyzer with a mass range of 300-1700 m/z and a resolution of 70000 with an automated gain control (AGC) target value of 3 3 10 6 . HCD peptide fragments (isolation window 2 m/z) were obtained using a normalized collision energy of 25 with an AGC target value of 5 3 10 4 at 35000 resolution. To avoid multiple scans of dominant ions, dynamic exclusion was set to 30 s. Sample measurements were acquired using internal lock mass calibration on m/z 371.10124 and 445.12003. Label-free protein quantification and protein identification The acquired raw MS files were loaded into the commercial software package Progenesis LCMS using the High Mass Accuracy Instrument option. Automatic alignment was performed using the run containing the most features, automatically chosen by Progenesis. In the aligning step, 3À5 vectors along the retention time gradient were manually seeded. From each Progenesis peptide ion (default sensitivity in peak picking) a maximum of the top five tandem mass spectra were exported using the charge deconvolution and deisotoping option and a maximum number of 200 peaks per MS/MS. The Mascot generic file (.mgf) was searched using the Mascot Server against a forward and reversed protein sequence database containing the 4829 annotated proteins of M. extorquens PA1 (https://www.ncbi.nlm.nih.gov/nuccore/NC_010172.1) concatenated with 6721 yeast proteins, 260 known mass spectrometry contaminants, and the 11 iRT peptides. Parameters for precursor tolerance and fragment ion tolerance were set to ± 10 ppm and ± 0.05 Da, respectively. Trypsin was used as the protein-cleaving enzyme, and one missed cleavage was allowed. Carbamidomethylation of Cys was set as fixed modification, and oxidation of Met was set as variable. The Mascot results were loaded into Scaffold using 5% peptide and 10% protein false discovery rate (FDR). The Scaffold Spectrum Report was exported and imported back into Progenesis LCMS. Normalization was performed using all proteins except for Prk (WP_012252675.1), which was knocked out or overexpressed in the different conditions. For quantification, all proteins identified with at least two unique peptide ions were assessed. A false discovery rate on quantified proteins was estimated at 0.16%. Proteins were grouped with Progenesis and the normalized abundance from the three most abundant peptide ions (relative quantification using Hi-3) from the same protein group were averaged together individually for each sample. For statistical testing, a One-way ANOVA was applied on the normalized protein abundance. The cutoffs for significant regulation were p < 0.05 and a fold-change larger than 1.5.
In silico metabolic network analysis Genome-scale model reconstruction The existing model of M. extorquens AM1 [21] was standardized according to the BiGG Models standards (http://bigg.ucsd.edu). In detail, all reaction and metabolite identifiers were changed according to the standards. Next, the standardized genome-scale model of AM1 was transferred to PA1 strain using the protocol described by Peyraud et al.
[67] Briefly, orthologs of all AM1 genes utilized in the model were identified in strain PA1 using the InParanoid software with a BLOSUM45 matrix for prokaryotes using a cut-off of 50 bits and 0.50 sequence coverage. Reactions associated to a least one common ortholog in AM1 were assigned to the PA1 model. The 20 reactions associated with genes that had no ortholog in PA1 were deleted. In addition, the genetic redundancy was reduced for 55 reactions due to a smaller number of genes in PA1. PA1 genes that have no homolog in AM1, but were assigned to be an enzyme according to the genome annotation [23] were manually investigated and were added to the model if a specific function could be assigned (11 new reactions). The model was converted to Systems Biology Markup Language (SBML) and is available in Data S3. Flux balance analysis Genes essentiality analysis was performed using the software FlexFlux. Flux balance analysis (FBA) of the wild-type PA1, as well as of single gene knockouts were performed with biomass production (R_Biomass_PA1_core) as the objective function and methanol or succinate as the sole source of carbon and energy as constraint (listed in Data S1). For visualization of the model and of fluxes, the OptFlux software was used.
QUANTIFICATION AND STATISTICAL ANALYSES
GraphPad Prism, MATLAB, Progenesis, and Microsoft Excel 2016 were used for data analysis and visualization. Figures were composed using Adobe Illustrator CC. At least four biological replicates were performed for growth curves, proteomics, and promoter quantification. Mean ± standard deviation (SD) or standard error (SE) are shown as indicated in the legend of the corresponding figure or table.
DATA AND SOFTWARE AVAILABILITY
The raw transposon insertion data are available as Data S2. The accession number for the mass spectrometry proteomics data reported in this paper is PRIDE: PXD006834 [68] .
